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FANCJ mutations are genetically linked to the Fanconi
anemia complementation group J and predispose individuals
to breast cancer. Understanding the role of FANCJ in DNA
metabolism and how FANCJ dysfunction leads to tumorigen-
esis requires mechanistic studies of FANCJ helicase and its
protein partners. In this work, we have examined the ability of
FANCJ to unwind DNA molecules with specific base damage
that can be mutagenic or lethal. FANCJ was inhibited by a
single thymine glycol, but not 8-oxoguanine, in either the
translocating or nontranslocating strands of the helicase sub-
strate. In contrast, the human RecQ helicases (BLM, RECQ1,
andWRN) display strand-specific inhibition of unwinding by
the thymine glycol damage, whereas other DNA helicases
(DinG, DnaB, and UvrD) are not significantly inhibited by
thymine glycol in either strand. In the presence of replication
protein A (RPA), but not Escherichia coli single-stranded
DNA-binding protein, FANCJ efficiently unwound the DNA
substrate harboring the thymine glycol damage in the non-
translocating strand; however, inhibition of FANCJ helicase
activity by the translocating strand thymine glycol was not
relieved. Strand-specific stimulation of human RECQ1 heli-
case activity was also observed, and RPA bound with high
affinity to single-stranded DNA containing a single thymine
glycol. Based on the biochemical studies, we propose a model
for the specific functional interaction between RPA and
FANCJ on the thymine glycol substrates. These studies are
relevant to the roles of RPA, FANCJ, and other DNA helicases
in the metabolism of damaged DNA that can interfere with
basic cellular processes of DNA metabolism.

Fanconi anemia (FA)2 is an autosomal recessive disorder
characterized by multiple congenital anomalies, progressive
bone marrow failure, and high cancer risk (1–3). Cells from FA
patients exhibit spontaneous chromosomal instability and
hypersensitivity to agents that induce DNA interstrand cross-
links. Although the precise mechanistic details of the FA path-
way of interstrand cross-link-repair are not well understood,
progress has been made in the identification of the FA proteins
that are required for the pathway (1–3). Among the 13 FA
complementation groups from which all FA genes have been
cloned, only a few of the FA proteins are predicted to have
direct roles inDNAmetabolism.One of themore recently iden-
tified FA proteins shown to be responsible for complementa-
tion of the FA complementation group J is FANCJ (4–6).
FANCJ was originally designated BACH1 (BRCA1-associated
C-terminal helicase), which was discovered by Cantor et al. (7)
as a protein that binds to theBRCT repeats of BRCA1.A genetic
interaction between FANCJ and BRCA1 in double strand break
repair was established (7), and FANCJ mutations were identi-
fied in early onset breast cancer (7–9), suggesting a tumor sup-
pressor role of FANCJ.
FANCJ was first shown to be a DNA-dependent ATPase that

catalytically unwinds duplex DNA with a 5� to 3� directionality
(10). Consistent with its directionality, FANCJ requires nucleic
acid continuity in the 5�-ssDNA tail near the ssDNA-dsDNA
junction of the forked duplex substrate to efficiently initiate
DNA unwinding (11). Further analysis demonstrated that
FANCJ requires a 5�-ssDNA loading tail to unwind the adjacent
DNA duplex (11). Although FANCJ fails to unwind a Holliday
Junction structure, the helicase unwinds D-loop recombina-
tional intermediates by releasing the third strand of the homol-
ogous recombination (HR) intermediate (11), an activity that
may be important for its proposed role in an HR pathway of
double strand break repair (1, 6, 7). FANCJ null cells have anHR
defect (6), and FANCJ-depleted cells aremildly sensitive to ion-
izing radiation and have delayed resolution of ionizing radia-
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tion-induced double strand breaks (12). The sensitivity of
FANCJ null cells to DNA interstrand cross-link agents (6) may
be a result of a defective DNA metabolic event of the FA path-
way that occurs downstream of FANCD2 monoubiquitination
(6, 13). BRCA1 is required for the transport of FANCJ, BARD1,
BRCA2, and Rad51 to sites of DNA damage where other pro-
teins such as theMRE11-RAD50-NBS1 complex associate (14).
The assembly of a BRCA1-FANCJ-BARD1 complex enables the
interaction of BRCA1/FANCJ with TopBP1, a factor that plays
an important role in the execution of the S phase checkpoint
(14). The ability of RAD51 foci to form in FA-J cells (6) suggests
that FANCJ does not operate upstream of Rad51 foci formation
during HR repair. Rather, FANCJmay play a role in completing
HR repair or preventing untimely or promiscuous recombina-
tion between homologous sequences.
In addition to HR, recent evidence suggests that FA proteins

play a role in the response to replicational stress (15, 16). A
recent study using Xenopus laevis oocyte extracts shows that
FANCL is required to stabilize the replication fork (17). As a
DNA helicase, FANCJ is a likely candidate to operate in this
capacity, potentially extending its range of function beyond
cross-link repair. Activation of FANCJ helicase activity is
required for timely progression through S phase of the cell cycle
(18); however, its precise functions in S phase progression
remain to be understood. One source of genomic instability is
alternate DNA structures such as DNA triplexes and quadru-
plexes that may impede the replication fork or interfere with
transcription. Recently, FANCJ was shown to unwind G-quad-
ruplex structures and have a role in G4 DNA metabolism (19).
There has been speculation that the underlying defect in FA

and other chromosomal instability disorders may be due to an
improper cellular response to oxidative stress. Bone marrow
failure and leukemia progression in FA may be at least partly
due to the accumulation of oxidative damage that induces
excessive apoptosis of hematopoietic stem/progenitor cells
(20).
In an effort to further understand the unwindingmechanism

of FANCJ and its interaction with damaged DNA, we have
investigated the effects of naturally occurring DNA base mod-
ifications on its helicase activity. Our findings demonstrate that
FANCJ is uniquely sensitive to a single thymine glycol base
modification in either the nontranslocating or translocating
strands of the duplex DNA substrate. The ability of FANCJ to
sense base damage in either strand of the DNA duplex as it
unwinds may be important for its physiological functions in
DNA damage signaling or repair. The existence of FANCJ in a
BRCA1-containing complex with other DNA repair factors
involved in the recognition and repair of aberrant DNA struc-
tures suggests that the complex functions in the DNA damage
response (14). RPA, a nonspecific single-stranded binding pro-
tein that is required for cellular DNA metabolism (21) and
shown to interact with FANCJ helicase (22), stimulates FANCJ
helicase activity on the DNA substrates with a single thymine
glycol in a strand-specific manner.

MATERIALS AND METHODS

Recombinant Proteins—Baculovirus encoding FANCJ with a
C-terminal FLAG tag was used to infect High Five insect cells,

and the recombinant FANCJ protein was purified as described
previously (10). Purified recombinant FANCJ protein predom-
inantlymigrated as a single band of the predicted size (130 kDa)
on an SDS-polyacrylamide gel, as reported previously (10).
Recombinant RECQ1 (23) and an exonuclease-deficient form
of WRN (WRN-E84A, designated X-WRN) (24) were purified
as described previously. BLMwas a kind gift fromDr. IanHick-
son (Cancer Research UK Laboratories). DinG was purified as
described previously (25). UvrD was a kind gift fromDr. Steven
Matson (University of North Carolina, Chapel Hill). DnaB was
a kind gift from Dr. Daniel Kaplan (Vanderbilt University).
Recombinant wild-type RPA heterotrimer or RPA heterotri-
mer with RPA70 missense mutation RPA70-QM (R216A,
R234A, K263A, and E277A) (26) or RPA70-Zn* (C500S and
C503S) (27) was purified as described previously.
DNA Substrates—PAGE-purified oligonucleotides used for

the preparation of DNA substrates were purchased from Loft-
strand Labs (Rockville, MD) and are listed in Table 1. DNA
duplex substrates were 5�-32P-end-labeled and prepared as
described previously (28).
Helicase Assays—Helicase reaction mixtures (20 �l) con-

tained 10 fmol of the specified forked duplex DNA substrate
(0.5 nM DNA substrate concentration) and the indicated con-
centrations of the specified helicase under previously described
reaction conditions (FANCJ (11), BLM (same as FANCJ (11)),
WRN (28), RECQ1 (23), DinG (25), UvrD (29), and DnaB (30)).
Reactions were conducted under standard conditions for 15
min and initiated by the addition of helicase. Reactions were
quenchedwith the addition of 20�l of 2� Stop buffer (17.5mM

EDTA, 0.3% SDS, 12.5% glycerol, 0.02% bromphenol blue,
0.02% xylene cyanol). A 10-fold excess of unlabeled oligonu-
cleotide with the same sequence as the labeled strand was
included in the quench to prevent reannealing. The products of
the helicase reactions were resolved on nondenaturing 12%
(19:1 acrylamide/bisacrylamide) polyacrylamide gels. Radiola-
beledDNA species in polyacrylamide gels were visualized using
a PhosphorImager and quantitated using the ImageQuant soft-
ware (Amersham Biosciences). The percent helicase substrate
unwound was calculated by using the following formula: %
unwinding� 100� (P/(S� P)), where P is the product and S is
the substrate. The values of the product and substrate have
been corrected after subtracting background values in the no
enzyme and heat-denatured substrate controls, respectively.
Helicase data represent the mean of at least three independent
experiments with standard deviation shown by error bars.
Helicase Sequestration Experiments—For helicase sequestra-

tion studies, FANCJ (9.6 nM) was preincubated with the indi-
cated concentrations (0–12.5 nM) of the specified unlabeled
forked duplex competitor DNA molecule (top strand thymine
glycol or bottom strand thymine glycol) in standard helicase
reaction buffer in the presence ofATP (2mM) for 3min at 30 °C.
Ten fmol of radiolabeled forked 19-bp duplex molecules
(tracker substrate (31)) was subsequently added to the reaction
mixture and incubated for 7 min at 30 °C. Reactions were
quenched and resolved on native polyacrylamide gels as
described above. Percent helicase substrate unwound was cal-
culated as described above. Typically, 60–70% of the tracker
substrate was unwound in reactions lacking competitor DNA
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molecule. Helicase data (% control) were expressed relative to
the control reactions lacking the competitor DNA.
DNA Binding Assays—Protein/DNA binding mixtures (10

�l) contained the indicated concentrations of RPA and 0.5 nM
of the specified 32P-end-labeled DNA substrate in the same
reaction buffer as that used for helicase assays but lacking ATP.
The binding mixtures were incubated at 30 °C for 15 min after
the addition of RPA. After incubation, 10 �l of Loading dye
(25% glycerol, 18 mM EDTA, 0.04% xylene cyanol, 0.04% brom-
phenol blue) was added to each mixture, and samples were
loaded onto native 6% (19:1 acrylamide/bisacrylamide) polyac-
rylamide gels and electrophoresed at 125 V for 3 h at 4 °C using
1� TBE as the Running buffer. The resolved radiolabeled spe-
cies were visualized using a PhosphorImager and analyzed with
ImageQuant software (Amersham Biosciences).

RESULTS

FANCJ Senses a Single ThymineGlycol BaseDamage in either
the Translocating or Nontranslocating Strands of a Duplex
DNA Substrate—Increasing concentrations of FANCJ helicase
were incubated with a fork duplex DNA substrate harboring a
single thymine glycol positioned in either the top (translocat-
ing) or bottom strand (nontranslocating) within the double-
stranded region of a forked duplex DNA substrate (Table 1). As
a control, a forked duplex of identical sequence without a thy-
mine glycol base damage in either strand was tested for FANCJ
helicase activity. The control undamaged DNA substrate was
unwound by FANCJ in a protein concentration-dependent

manner throughout a titration range of 0.0375–0.6 nM FANCJ
monomer (Fig. 1). Fifty percent of the substrate was unwound
at 0.6 nM FANCJ. At greater concentrations of FANCJ, more
substrate was unwound; however, the percent unwinding
began to plateau, presumably due to substrate depletion effects.
Throughout the FANCJ titration, significantly lower percent-
ages of the forked duplex substrate with a thymine glycol in
either the translocating or nontranslocating strands were
unwound compared with the control DNA substrate. For
example, only 13% of the substrate with a thymine glycol in the
translocating strand was unwound at 0.6 nM FANCJ compared
with 50% of the control substrate unwound. At 0.3 nM FANCJ,
10% of the damaged substrate was unwound compared with
40% of the control substrate. Although significant inhibition of
unwinding by the translocating strand thymine glycol was
observed at the lower FANCJ concentrations, increasing the
FANCJ concentration to 19.2 nM resulted in nearly 70% of the
damaged substrate unwound, indicating that the inhibition
could be overcome to some extent by elevated FANCJ
concentration.
For theDNAsubstratewith a thymine glycol in the nontrans-

locating strand, FANCJ helicase activity was inhibited to a sig-
nificantly greater extent throughout the helicase titration range
compared with the undamaged substrate (Fig. 1). For example,
at 0.6 nM FANCJ, only 5% of the substrate with the nontranslo-
cating strand thymine glycol was unwound, indicating potent
inhibition. Even at the 19.2 nM FANCJ concentration, only 43%

TABLE 1
Oligonuleotide substrates used in this study
Tg, thymine glycol; 8-oxo-G, 8-oxoguanine.
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of the substrate with the nontranslocating strand thymine gly-
col was unwound. These results demonstrate that FANCJ is
sensitive to a single thymine glycol located in either the trans-
locating or nontranslocating strand of the duplex region of the
DNA substrate.
Effects of the Thymine Glycol Adduct on the Unwinding Reac-

tions Catalyzed by Other DNA Helicases—The inhibition of
FANCJDNAunwinding by a thymine glycol in either the trans-
locating or nontranslocating strand of the duplex raised the
question if other helicases are inhibited in a similarmanner or if
FANCJ is uniquely sensitive to the base damage in either strand
of the substrate. To address this issue, we first tested the SF2 5�
to 3� Escherichia coli DNA helicase DinG (32), which has sig-
nificant sequence homology to FANCJ in the seven ATPase/
helicase motifs of the helicase core domain (7) as well as the
conserved iron-sulfur (Fe-S) cluster domain (33). As shown in
Fig. 2A, considerably greater concentrations ofDinG compared
with FANCJ were required to detect unwinding of the control
substrate, consistent with earlier published results for DinG
helicase activity on similar DNA substrates (25). DinGwas only
mildly affected by the thymine glycol in either strand of the
duplex substrate throughout the DinG protein titration. The
greatest difference, �1.4-fold, was observed at a DinG concen-
tration of 375 nM. Unlike FANCJ, no significant difference in
DNA unwinding by DinGwas observed between the substrates
harboring thymine glycol in either the top or bottom strands of
the DNA substrate, and overall DinG helicase activity was
resistant to inhibition by the thymine glycol in either strand.
We next examined DNA unwinding of the thymine glycol

substrate and control substrate by DnaB, an SF3 5�- to 3�-hex-
americ DNA helicase in E. coli that operates at the replication
fork (34). Unlike FANCJ, DnaB was insensitive to the thymine

glycol in either strand of the substrate throughout the DnaB
protein titration (Fig. 2B). Thus, neither DnaB nor DinG 5�- to
3�-helicases displayed a sensitivity to the thymine glycol adduct
in either strand of the duplex that was remotely comparable
with the inhibition of DNA unwinding observed for FANCJ.
To further examine the apparent specificity of thymine glycol

for inhibiting FANCJ unwinding, we tested several 3�- to
5�-RecQDNAhelicases implicated in themaintenance of chro-
mosomal stability (35, 36) on the DNA substrates used to ana-
lyze the unwinding activity of FANCJ, DinG, and DnaB. Three
human SF2 RecQ helicases, Bloom syndrome helicase (BLM),
RECQ1, and an exonuclease-deficientmissensemutant version
of the Werner syndrome helicase (X-WRN), were tested. BLM
was strongly inhibited by the thymine glycol adduct positioned
in the bottom translocating strand of the forked duplex sub-
strate; however, greater BLM helicase activity was observed on
the substrate with thymine glycol residing in the top nontrans-
locating strand compared with the undamaged substrate at
BLM concentrations up to 1.25 nM (Fig. 2C). For RECQ1, little
to no inhibition of DNA unwinding was observed when the
thymine glycol was positioned in the top (nontranslocating)
strand of the DNA substrate; however, inhibition of RECQ1
helicase activity throughout the RECQ1 protein titration range
was observed when the thymine glycol resided in the bottom
translocating strand (Fig. 2D). For X-WRN, the DNA substrate
with thymine glycol in the bottom translocating strand com-
pletely blocked DNA unwinding throughout the helicase titra-
tion range (0.036–0.58 nM) (Fig. 2E). However, for the DNA
substrate with the nontranslocating strand modification,
X-WRN helicase activity was significantly increased through-
out the protein titration range compared with the undamaged
substrate (Fig. 2E). These results indicate that BLM and
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FIGURE 1. A single thymine glycol in either the translocating or nontranslocating strand inhibits DNA unwinding catalyzed by FANCJ. Helicase
reactions (20 �l) were performed by incubating the indicated FANCJ concentrations with 0.5 nM forked duplex DNA containing a thymine glycol in the top
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X-WRN helicases are strongly inhibited by the thymine glycol
when the base damage exists in the translocating strand.
RECQ1 was also inhibited by the translocating strand thymine
glycol, but not as severely as BLM or X-WRN. Unlike FANCJ,
all three human RecQ helicases were not inhibited by the non-
translocating strand thymine glycol. In fact, DNAunwinding by
all concentrations of X-WRN or the lower concentrations of
BLMwas greater on theDNAsubstratewith thymine glycol in the
nontranslocating strand compared with undamaged substrate.
Finally, we tested the bacterial SF1 3�- to 5�-UvrD helicase

implicated in mismatch repair and nucleotide excision repair
(37), and we found that neither the translocating nor nontrans-
locating strand thymine glycol had any effect on its unwinding
activity (Fig. 2F). Therefore, UvrD behaves very similar toDnaB
in terms of its lack of sensitivity to the thymine glycol adduct.
Collectively, for the DNA helicases tested, the results demon-
strate that FANCJ is uniquely sensitive to the thymine glycol
based on the inhibition of DNA unwinding when the thymine
glycol resides not only in the strand that FANCJ translocates
but also in the nontranslocating strand.
Effect of the 8-Oxoguanine Adduct on FANCJ Helicase

Activity—Inhibition of FANCJ helicase activity by a single thy-
mine glycol residing within the duplex in either the translocat-
ing or nontranslocating strand raised the question if FANCJ
might be sensitive to other types of prominent oxidative base
lesions. Therefore, we tested FANCJ helicase on a set of DNA
substrates very similar in sequence to that of the thymine glycol
substrates with a single 8-oxoguanine in either the nontranslo-
cating or translocating strands (Table 1). FANCJ was insensi-
tive to the 8-oxoguanine lesion positioned in either strand of

the helicase substrate (Fig. 3). Thus, the inhibition of FANCJ
helicase activity by the thymine glycol damage is specific and
not a general effect exerted by a different form of oxidative base
modification, namely the 8-oxoguanine lesion.
RPA Stimulates FANCJ Helicase Unwinding of the DNA Sub-

strate with a Thymine Glycol in a Specific Manner—The inhi-
bition of FANCJ helicase activity by a single thymine glycol

FIGURE 2. Comparison of DNA unwinding of thymine glycol substrates by various DNA helicases. Helicase reactions (20 �l) were performed by incubating
the indicated concentrations of the specified helicase (A, DinG; B, DnaB; C, BLM; D, X-WRN; E, RECQ1, and F, UvrD) with 0.5 nM forked duplex DNA containing a
thymine glycol in either the top or bottom strand at the indicated temperature and reaction conditions for 15 min as described under “Materials and Methods.”
Quantitative analyses of helicase data are shown. Filled square, control undamaged forked duplex substrate; open square, substrate with bottom strand
thymine glycol (TG-B); filled circle, substrate with top strand thymine glycol (TG-C). Helicase data represent the mean of at least three independent experiments
with S.D. indicated by error bars.

FIGURE 3. FANCJ helicase activity is not inhibited by 8-oxoguanine posi-
tioned in either strand of the DNA substrate. Helicase reactions (20 �l)
were performed by incubating the indicated FANCJ concentrations with 0.5
nM forked duplex DNA containing an 8-oxoguanine in the top strand (trans-
locating), bottom strand (nontranslocating), or neither strand at 30 °C for 15
min under standard helicase assay conditions as described under “Materials
and Methods.” Quantitative analyses of FANCJ helicase data are shown. Filled
square, control undamaged forked duplex substrate; open square, substrate
with bottom strand 8-oxoguanine (8-oxoG-B); filled circle, substrate with top
strand 8-oxoguanine (8-oxoG-C). Helicase data represent the mean of at least
three independent experiments with S.D. indicated by error bars.
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adduct raised the question if FANCJ might have a mechanism
to efficiently unwind past the base damage through an interac-
tion with its protein partner RPA. Previously, we reported that
RPA physically and functionally interacts with FANCJ (22) and
other human DNA helicases (RECQ1, WRN, and BLM) (35).
To examine if RPAcan stimulate FANCJ helicase activity on the
thymine glycol DNA substrates, we performed kinetic assays.
Using a limiting concentration of FANCJ (1.2 nM), we observed
a significant stimulation of DNA unwinding by RPA on the
substrate with thymine glycol in the bottom nontranslocating
strand (Fig. 4A) but not the top translocating strand (Fig. 4B) or
when the thymine glycol is absent from the DNA substrate
altogether (Fig. 4C). We have shown previously that RPA can
effectively stimulate FANCJ helicase activity on a longer (47 bp)
undamaged forked duplex substrate and that FANCJ catalyzes a
limitedDNAunwinding reaction (22). This stimulationwas not
observed with the 25-bp substrate used in this study and other
short (20 bp) forked duplex substrates (Fig. 4C).3 Thus, these
data suggest that RPA enables FANCJ to overcome a rate-lim-
iting step in the DNA unwinding reaction on longer duplexes
and that this step is not limiting with short undamaged
duplexes. Kinetic analyses of initial rates revealed a 12-fold
increase in unwinding for the nontranslocating strand thymine

glycol substrate when RPA was present in the FANCJ helicase
reaction compared with the reaction containing FANCJ alone.
These results indicate that RPA was able to stimulate FANCJ
helicase activity when the thymine glycol resided in the non-
translocating strand, but not the translocating strand.
To address the specificity of stimulation of FANCJ helicase

activity by RPA, we tested the effect of E. coli SSB on the DNA
unwinding reactions catalyzed by FANCJ on the substrateswith
thymine glycol in either the nontranslocating or translocating
strands. The results from these experiments demonstrated that
E. coli SSB did not stimulate FANCJ unwinding of either thy-
mine glycol substrate (Fig. 5, A and B). In fact, some inhibition
of FANCJ helicase activity was observed for both substrates in
the presence of E. coli SSB. These results suggest that the stim-
ulation of FANCJ helicase activity on the DNA substrate with
the nontranslocating strand thymine glycol by RPA is specific.
To determine how RPA might affect DNA unwinding by a

helicase with which it does not interact, we examined its effect
on the bacterial helicase DinG. As shown in Fig. 5C, RPA failed
to stimulate DinG helicase activity on the control or thymine
glycol substrates. In fact, RPA inhibited DinG activity on all
three substrates. In reactions with higher DinG concentrations,
all three substrates were unwound to nearly 100%, indicating
that DinG is active on the substrates. Therefore, RPA was not
able to stimulateDinGhelicase activity onDNAsubstrateswith

3 A. N. Suhasini, J. A. Sommers, A. C. Mason, O. N. Voloshin, R. D. Camerini-
Otero, M. S. Wold, and R. M. Brosh, Jr., unpublished data.
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reaction mixtures contained 0.5 nM forked DNA substrate with thymine glycol in the bottom strand (TG-B) (A) or top strand (TG-C) (B), 3 nM E. coli SSB, and 1.2
nM FANCJ under standard helicase assay conditions as described under “Materials and Methods” for the indicated times from 0 to 32 min. Quantitative analyses
of FANCJ helicase data are shown (open squares, FANCJ; filled squares, FANCJ � E. coli SSB). C, DinG (80 or 2000 nM) was incubated in the presence or absence
of 3 nM RPA with 0.5 nM forked DNA substrate with thymine glycol in the bottom strand for 15 min. Quantitative analyses of the helicase data (mean of at least
three independent experiments with S.D. indicated by error bars) are shown.
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thymine glycol in either strand, whereas RPA was able to stim-
ulate FANCJ helicase activity on the DNA substrate with thy-
mine glycol in the bottom nontranslocating strand.
The strand-specific stimulation of FANCJ helicase activity by

RPA suggested that during unwinding FANCJ, even in the
absence of RPA, might interact differently with the DNA sub-
strate harboring the thymine glycol base damage in the bottom
nontranslocating strand compared with the substrate with thy-
mine glycol in the top translocating strand. To address this
issue, we performed protein sequestration experiments to eval-
uate if FANCJ was trapped differently by the DNA molecules
containing the thymine glycol in the translocating versus non-
translocating strand during unwinding. FANCJ (9.6 nM) was
preincubated for 3 min in the presence of ATP with increasing
concentrations of unlabeled forked duplex molecules contain-
ing the single thymine glycol adduct in the translocating strand,
nontranslocating strand, or neither strand, and a radiolabeled
tracker DNA substrate was added subsequently to the reaction
mixtures (Fig. 6A). Throughout competitor DNA concentra-
tions of 0.6–5 nM, lesser inhibition of FANCJ helicase activity
on the tracker substrate was observed when the enzyme was
preincubated with unlabeled forked duplex containing the thy-
mine glycol in the translocating strand (Fig. 6B) compared with
when the enzyme was preincubated with the forked duplex
containing thymine glycol in the translocating strand or neither
strand. The greatest difference, �2-fold, was observed at 1.25
nM competitor DNA. These results suggest that during
unwinding, FANCJ dissociates from the DNA duplex contain-
ing thymine glycol in the translocating strand to a greater
extent than the undamaged duplex substrate. In contrast, the
ability of the forked duplex with the nontranslocating strand
thymine glycol to sequester FANCJ was the same as that of the
undamaged fork duplex with the exception of the small differ-

ence observed at the 2.5 nM compet-
itor DNA concentration. Sequestra-
tion experiments performed using a
longer (10 min) preincubation of
FANCJ with ATP and increasing
concentrations of competitor DNA
showed little to no difference
between the abilities of the forked
duplexes with translocating or non-
translocating strand thymine glycol
or undamaged forked duplexes to
trap FANCJ (supplemental Fig. 1).
Gel-shift analysis of FANCJ bind-

ing in the absence of ATP to radio-
labeled forked or blunt duplexes
with thymine glycol present in the
translocating strand or nontranslo-
cating strand demonstrated that
FANCJ binding to the two sub-
strates was comparable and the
same as that of FANCJ binding to
the undamaged DNA molecules.3
These results suggest that the dif-
ference observed in the sequestra-
tion experiments was due to

FANCJ preferentially dissociating from the DNA substrate
when it encountered the thymine glycol in the strand that
the enzyme was translocating.
Characterization of RPA Binding to DNA with the Thymine

Glycol Adduct—Because RPA stimulated FANCJ helicase in a
substrate-specific manner, we wanted to assess if RPA might
bind preferentially to theDNAsubstrate harboring the thymine
glycol base damage in the bottom nontranslocating strand.
First, we tested by gel-shift analysis RPA binding to the control
and thymine glycol forked duplex DNA substrates used for the
helicase assays. RPA bound all three substrates in a protein
concentration-dependentmanner very similarly (supplemental
Fig. 2, A and C). Because the analysis of RPA binding to the
helicase substrates was potentially complicated by the fact that
these substrates are all forked duplexes with single-stranded
DNA arms of 41 nucleotides that provide a high affinity 30-nu-
cleotide binding site for RPA (21), we tested RPA binding to
fully duplex DNA molecules with thymine glycol in either the
top or bottom strand (Table 1) and annealed to its complemen-
tary undamaged ssDNA. Compared with the forked duplex
substrates that had single-stranded arms, the fully duplex DNA
molecules were all poorly bound by RPA throughout the pro-
tein titration range (supplemental Fig. 2, B and C). Further-
more, the presence of a thymine glycol in either the top or
bottom strand of the duplex had little to no effect on RPA bind-
ing. These results indicate that RPA does not preferentially
bind the thymine glycol residing in duplex DNA.
Because FANCJ helicase activity on the forked duplex sub-

strate creates ssDNA during the unwinding reaction, we
wanted to assess if RPA displayed a binding preference to
ssDNA harboring the single thymine glycol adduct. Therefore,
we testedRPAbinding to either the top or bottom strands of the
forked duplex substrates (Table 1) used for the characterization
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of FANCJ helicase activity. For ssDNA, it was clearly evident
that RPA bound preferentially to the molecules harboring a
thymine glycol compared with the undamaged ssDNA (Fig.
7A). Multiple RPA-DNA complexes were observed as is
expected based on the 30-nucleotide occluded binding site and
low cooperativity of RPA binding (38). Quantitation of the data
is shown in Fig. 7B. The apparent binding constants were esti-
mated by fitting to the Langmuir binding equation (38). Similar
values were obtained using Scatchard analysis, yielding appar-
ent dissociation constants (Kd) of 10 and 170 pM for the thymine
glycol and control (undamaged) ssDNA molecules, respec-
tively. Therefore, RPA binds with 17-fold higher affinity to the
ssDNAmolecule with the single thymine glycol compared with
the ssDNA molecule without the base damage. An analysis of
secondary structure prediction for the 66-mer ssDNAmolecule
revealed that the position of the thymine glycol did not occupy
a region that forms dsDNA in the oligonucleotide (supplemen-
tal Fig. 3) suggesting that the preferential binding of RPA to the
oligonucleotide containing the thymine glycol is not attributed
to an indirect effect of the base modification on secondary
structure. SimilarKd values (17 and 226pM)were obtained from
the DNA binding isotherms for the complementary (bottom)
ssDNA strands either containing or lacking a single thymine
glycol, respectively (Fig. 7B). The 14-fold increase in RPA bind-
ing affinity for the bottom strand containing thymine glycol
compared with the undamaged bottom strand, comparable
with the difference observed for the top strand, indicates that
the observed difference in RPA binding affinities between a
thymine glycol ssDNA and undamaged ssDNA is not depend-
ent on neighboring sequence to the thymine glycol.
To summarize, the results from the RPA binding assays sug-

gest that RPA stimulation of FANCJ helicase activity on the
DNA substrate with thymine glycol in the bottom nontranslo-
cating strand is not a consequence of RPA binding preferen-
tially to that forked duplex substrate compared with the sub-
strate with thymine glycol in the top translocating strand.
Furthermore, RPA binds with similar high affinity to the top

or bottom single-stranded DNA
molecules harboring the thymine
glycol, and this binding affinity is
significantly greater than the cor-
responding undamaged ssDNA
molecules.
RPA Heterotrimers with RPA70

Missense Mutations Characterized
by DNA Binding Defects Fail to
Stimulate FANCJ Helicase Acti-
vity—RPA contains multiple DNA
binding domains. Two domains in
RPA70 (A and B) constitute a high
affinity DNA-binding site and a
third domain (C) has been shown to
be important for specific binding to
some types of DNAdamage (26, 27).
Two mutant forms of RPA, RPA70-
QM, which has multiple point
mutations in the high affinity DNA
binding domain (A), and RPA70-

Zn*, which has a mutation that inactivates domain C, were
examined for binding to thymine glycol containing DNA.
Unlike wild-type RPA, we observed that the RPA70-QM (Fig.
8A) and RAP70-Zn* (Fig. 8B) mutants showed little to no pref-
erential binding to ssDNA with a thymine glycol. These
mutants also displayed reduced affinity for unmodified ssDNA
as well, as exemplified by the higher RPA concentrations used
in theDNAbinding isotherm (Fig. 8,A andB). TheKd values for
RPA70-QMbinding to the control and thymine glycol ssDNA
molecules were 1600 and 1900 pM, respectively. The Kd val-
ues for RPA70-Zn* binding to the control and thymine glycol
ssDNA molecules were 3400 and 4500 pM, respectively.
Therefore, both RPA mutants bind with significantly
reduced affinity to the control and thymine glycol ssDNA
molecules compared with wild-type RPA. Moreover, unlike
wild-type RPA, these RPAmutants do not demonstrate pref-
erential binding to the thymine glycol ssDNA. These data
indicate that both the high affinity binding domain and
domain C are playing a role in the preferential binding of
RPA to thymine glycol containing DNA.
We next tested the two RPA heterotrimers with RPA70 mis-

sense mutations for stimulation of FANCJ helicase activity on
the DNA substrate with thymine glycol in the nontranslocating
(bottom) strand, the substrate in which wild-type RPA stimu-
lated FANCJ helicase activity. Both RPA70-QM (Fig. 8, E and F)
and RPA70-Zn* (Fig. 8, G and H) failed to stimulate DNA
unwinding by FANCJ throughout the 32-min time course. In
contrast, under these same conditions, wild-type RPA showed
strong stimulation of FANCJ helicase activity on the same thy-
mine glycol substrate (Fig. 8, C and D, and Fig. 4). Both RPA
mutants were able to physically interact with FANCJ (data not
shown), suggesting that the inability of the RPA heterotrimer
with either RPA70mutation to stimulate FANCJ helicase activ-
ity was likely due to their DNA binding defects. Given that
RPA70-QM and RPA70-Zn* bind ssDNA poorly and do not
discriminate betweenunmodified and thymine glycol-modified
substrates, we examined FANCJ helicase activity as a function
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of RPA variants over a broad range of RPA concentrations. The
results from these experiments demonstrated that even at a
very high concentration (96 nM) of RPA70-QM or RPA70-Zn*,
FANCJ helicase activity on the forked duplex with thymine gly-
col in the nontranslocating strand was only stimulated a maxi-
mum of 2-fold (Fig. 8, I and J). No stimulation of FANCJ heli-

case activity on the forked duplex with thymine glycol in the
translocating strand was observed for either RPA variant (data
not shown). Therefore, FANCJ helicase activity on the forked
duplex with thymine glycol in the nontranslocating strand was
only mildly stimulated by a 30-fold higher concentration of
either RPA variant compared with wild-type RPA.
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RPA Stimulates RECQ1 Helicase Activity on the Thymine
Glycol Substrate in a Strand-specific Manner—Because RPA
exerted a strand-specific stimulation of FANCJ helicase activity
that did not reflect a preferential binding affinity of RPA for one
duplex substrate compared with another, we wanted to ask
what effect RPA might have on a helicase that is translocating
on the opposite strand that FANCJ translocates. Therefore, we
tested the effect of RPA on the RECQ1 helicase, which has a 3�
to 5�polarity of unwinding (39). Kinetic assayswith the thymine
glycol substrates were performed using 3 nM RPA as before and
a limited concentration of RECQ1 in which DNA unwinding of
the forked duplex substrates with thymine glycol in the trans-
locating or nontranslocating strand by RECQ1 alone was com-
parable. The results from these experiments, shown in Fig. 9,
indicated that RPA was unable to stimulate RECQ1 helicase
activity on the DNA substrate with thymine glycol in the bot-
tom translocating strand; however, RPA stimulated RECQ1
helicase activity on the substrate with thymine glycol in the top
nontranslocating strand. Therefore, RPA was able to stimulate
RECQ1helicase activity on the thymine glycol substrate onwhich
it failed to stimulate FANCJ helicase activity, whereas RPA failed
to stimulate RECQ1 helicase activity on the thymine glycol sub-
strate on which it stimulated FANCJ helicase activity. These
results suggest that, like FANCJ, RPA stimulates RECQ1 helicase
activity in a strand-specific manner, i.e. RPA stimulates DNA
unwindingbyRECQ1when the thymineglycol is positioned in the
nontranslocating strand for the 3�- to 5�-RECQ1 helicase.

DISCUSSION

In this study, we have examined the ability of FANCJ to
unwindDNA substrates containing a single oxidized basemod-
ification residing within the duplex region of a forked DNA
substrate in either the translocating or nontranslocating strand.
Our results demonstrate that FANCJ helicase activity is sensi-
tive to a single thymine glycol in either strand of the duplex,
whereasDNAunwinding by FANCJ is not inhibited by an 8-ox-
oguanine base damage positioned in either strand. The differ-
ential effect of these two oxidative lesions on FANCJ helicase
activity is likely to reflect the extent of structural distortion on
the DNA double helix imposed by the base modification. Thy-
mine glycol induces a significant, localized structural change
with the thymine glycol largely extrahelical (40), whereas 8-ox-
oguanine exerts only a mild perturbation of the duplex (for
review see Ref. 41). However, the sensitivity of FANCJ helicase
to thymine glycol is rather unique because the three human
RecQ helicases tested (WRN, BLM, and RECQ1) are only
adversely affected by the translocating strand thymine glycol
damage,whereas otherDNAhelicases (DnaB,UvrD, andDinG)
are not affected by the modification in either strand in any
significant manner. The ability of the bacterial helicases to pro-
ficiently unwind thymine glycol substrates irrespective of
strand status may reflect the increased ATPase activity of these
helicases (32, 42) compared with FANCJ (31), RECQ1 (43), or
WRN (44); however, BLM helicase has a specific ATPase activ-
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ity that is greater than the other human RecQ helicases but less
than the bacterial helicases (45). The ability of FANCJ to sense
certain types of DNA base damage (thymine glycol) in both
strands of the DNA duplex as it unwinds may be important for
its physiological functions in DNA damage signaling or repair.
The existence of FANCJ in a BRCA1-containing complex with
otherDNA repair factors involved in the recognition and repair
of aberrant DNA structures suggests that the complex func-
tions in the DNA damage response (14). It is conceivable that a
specialized helicase like FANCJ might have the ability to sense
DNA damage in either strand of the duplex and facilitate DNA
damage processing or signaling. It will be important to examine
the interactions of FANCJ with DNA repair factors to under-
stand its roles in the DNA damage response that are dependent
or independent of the FA pathway.
Although FANCJ shows no preferential binding to the thy-

mine glycol-modified ssDNA or dsDNA, sequestration studies
revealed that during unwinding FANCJ dissociates to a some-
what greater extent from the substrate containing thymine gly-
col in the translocating strand compared with that with thy-
mine glycol in the nontranslocating strand. Thus, the
interaction of FANCJ with the DNA substrates during unwind-
ing is affected by the strand inwhich the thymine glycol resides.
However, the greatest difference in sequestration between the
forked duplexes with thymine glycol in the top versus bottom
strands is only �2-fold, suggesting that FANCJ preferentially
dissociating from the substrate with the translocating strand
thymine glycol may not be not be the sole or major reason why
RPA only stimulates FANCJ helicase activity on the substrate
with the nontranslocating strand thymine glycol. A more likely
explanation is that the high affinity binding of RPA to the par-
tially unwound ssDNA bearing a thymine glycol poses a block
to helicase movement when the thymine glycol is positioned
in the single strand the helicase is tracking along; consequently,
the helicase would be less likely to interact favorably with RPA
at the site of unwinding and FANCJwould have to reload on the
substrate and attempt to unwind it again. RPA failed to stimu-
late FANCJ helicase activity on substrates in which the thymine
glycol was placed in the ssDNA region (translocating or non-

translocating strand) of the forked
duplex substrate just before the
helicase would encounter the
duplex region (supplemental Fig. 4),
suggesting that the RPA stimulation
of helicase bypass of a thymine gly-
col only applies when the basemod-
ification resides in the nontranslo-
cating strand of the duplex region of
the helicase substrate. This model
may apply to the functional interac-
tion of RPAwith other helicases and
their actions on certain damaged
DNA substrates recognized by RPA.
The 3�- to 5�-human RecQ helicase
RECQ1, which also physically and
functionally interacts with RPA
(43), is stimulated by RPA on the
thymine glycol substrates in a

strand-specific manner as well. RPA failed to stimulate
RECQ1 helicase activity when the thymine glycol resided in
the strand that RECQ1 translocates. The ability of RPA to
stimulate RECQ1 or FANCJ helicase activity when the thy-
mine glycol resided in the nontranslocating strand may be at
least partially due to the high affinity binding of RPA to the
exposed thymine glycol in the nontranslocating strand of the
partially unwound DNA substrate. To our knowledge, this is
the first demonstration that RPA has the ability to stimulate
helicase-catalyzed DNA unwinding in a strand-specific
manner. In the future, mechanistic studies of the functional
interactions of RPA with the human RecQ helicases should
provide useful information to explore the potential similar-
ity with that of the FANCJ-RPA interaction.
The stimulatory effect of RPA is specific because E. coli SSB

did not affect FANCJ helicase activity on the thymine glycol
substrates, and RPA did not stimulate unwinding activity cata-
lyzed by DinG, a bacterial DNA helicase sharing sequence
homology to FANCJ in the helicase core domain (7), but it does
not physically interact with RPA.3 Therefore, RPA does not
have a general ability to stimulate DNA helicases on undam-
aged as well as damaged DNA substrates. Moreover, the mech-
anism for RPA stimulation of FANCJ helicase activity is likely to
be more complex than simply RPA coating the unwound
ssDNA tracts left behind the advancing helicase. Consistent
with this idea, FANCJ directly binds with high affinity to the
RPA70 subunit of the heterotrimer (22). Therefore, the physical
interaction between FANCJ and RPA is likely to be important
for helicase stimulation. In addition to the protein interaction
between RPA and FANCJ, we suggest the ability of RPA to
preferentially bind ssDNA containing the thymine glycol base
modification is likely to play a role in the mechanism for stim-
ulation of FANCJ (or RECQ1) helicase activity on the substrate
containing thymine glycol in the nontranslocating strand.
Previous studies have suggested that preferential RPA bind-

ing toDNAdamage is dependent on the type of lesion. RPAwas
observed to bind with a higher affinity to single-stranded DNA
harboring a pyrimidine-pyrimidone (6-4) photoproduct (27).
However, preferential binding of RPA to damaged dsDNA cor-
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relates with the ability of RPA to recognize single-stranded
character caused by the damaged nucleotides (27, 46). Our
study is the first to show strong preferential binding of RPA to
ssDNA containing an oxidative base modification. The dra-
matic 15-fold increase in binding affinity of RPA for ssDNA
containing a single thymine glycol is unprecedented. Because
RPA is the major single-stranded DNA-binding protein in
eukaryotes and is highly abundant (100,000 copies per cell) (21),
it is quite likely that the high binding affinity of RPA for thymine
glycol (and perhaps certain other oxidative base lesions) is
physiologically important. For example, FANCJ orRECQ1heli-
case may be unable to remove RPA bound to a thymine glycol
bound to the helicase-translocating single strand of a partially
unwound DNA molecule. This model may help to explain the
strand-specific stimulation of helicase activity by RPA in which
the translocating strand thymine glycol is inhibitory to either
the 3�- to 5�-RECQ1 helicase or 5�- to 3�-FANCJ helicase.

Other aspects of DNAmetabolism are likely to be affected by
the strong affinity of RPA for ssDNA harboring thymine glycol.
RPA may serve as a negative regulator of DNA glycosylases
such as NEIL1 or NTH1 that specialize in excising thymine
glycol from the genome (47). Unlike NTH1 or OGG1 enzymes,
which excise their substrate lesions only from duplex DNA, the
NEIL enzymes have higher activity in excising base lesions from
single-stranded DNA or unpaired sequences in bubble DNA
(47), a transient intermediate that arises during cellular DNA
replication and transcription. It was proposed that NEIL1 and
NEIL2 may have roles in BER linked to transcription or repli-
cation. Our results suggest that RPA may regulate glycosylase
incision of thymine glycol. Studies are underway to determine
whether RPA modulates thymine glycol incision by NEIL1 or
NTH1 of bubble structures and ssDNA through its high affinity
interaction with thymine glycol in its single-stranded DNA
state. Although thymine glycol does not block mammalian
RNA polymerase II elongation in a purified system (48), we
propose that RPA bound to the oxidative lesion in the tran-
scription bubble may block RNA polymerase II at the damage
site and inhibit transcription or transcription-related pro-
cesses. Further studies to better understand the lethal nature of
thymine glycol through its inhibition of cellular DNA replica-
tion or transcription is warranted.
Bringing our attention back to the FANCJ-RPA interaction,

it is relevant that FANCJ and RPA strongly co-localize in punc-
tate nuclear foci in human cells that have been exposed to ion-
izing radiation,which introduces strand breaks and base lesions
such as thymine glycol (41), or the replication inhibitor
hydroxyurea, which depletes the nucleotide pool (22). FANCJ
and RPA may collaborate to unwind regions of localized DNA
distortion imposed by thymine glycol and other DNA lesions
that perturb replication fork progression or during a situation
of replicational stress. In support of a role of FANCJ to smooth
polymerase advancement, FANCJ is required for timely pro-
gression through S phase (18) and defends genomic integrity by
unwinding G-quadruplex structures that can interfere with
DNA replication or transcription (19).
The DNA interstrand cross-link is a direct block to replica-

tion or transcription. FA mutant cell lines, including FA-J, are
sensitive to agents such asmitomycinC and cisplatin that intro-

duce DNA cross-links. FANCJ helicase and RPA co-localize in
cells exposed to mitomycin C (22), suggesting that the FANCJ-
RPA interaction is important for the processing of DNA cross-
links as well as enabling smooth replication.
In the future, it will be of interest to examine the cellular

localization of FANCJ and the other FA proteins with RPA and
additional repair factors after exposure to agents that induce
oxidative stress and other forms of DNA damage. From this
perspective it is interesting to note that FANCJ has an Fe-S
domain in its helicase core that may confer redox properties to
the protein (33). The unique ability of FANCJ to sense a single
thymine glycol oxidative base lesion in either strand of the
duplex that it is unwinding and its strand-specific stimulation
byRPA to unwind past the lesionmay be relevant to a role of the
helicase duringDNA replication or transcription in an environ-
ment of heightened oxidative stress.
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